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TRTRODUCT ION 


Sinee the acceptence of tae cas turbine as & prat- 
ticel means of cower development inmuwrzeraile l»prove- 
ments have been cevised both experimentally and analyti- 
cally which enable greater and greeter amoutes of power 
to be developed at higher and higher efficiencies fron 
e Given basic unit. Blading and noerle design, diffuser 
end tailloipe configurations have ell -one through altera- 
tions too mumerous to mention, 

och of the steem turbine theory, in use for many 
yeers previous to the edvent of the gaa turbine, today 
plays a mejor role in gcas turbine theory. 

dust as there ere a greet muber of cifferent de- 
Signs of gas turbine pewer plants and their associated 
components, so are there an equal number of aprlications, 
each one empisying to the utmost the advantages of the 
particular desinn most eulited to the case. 

Thus, in the turbojet engine for alrcraft, hich 
thrust is the goal of a particular unit, whereas turbine 
efriciency is of secondery importance, olthough high 
losses cue to friction, and inefficient blading and 
nozzle design may certainly reeult in lder net thrust, 

It is the purpose of this paper to analyze the flow 
of combustion preducts through am exhaustercas turbo-~ 
supercharger, rs of this type were used on 
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2 
radlal-encine driven alrcrae?t durinc the lete war as a 
means of »oroviding higher available wenifeold pressures 
for flicht at high altitudes and high power settings, 
Thus it ean readily be seen that the orimarmy object of 
such a turbine unit is to drive the coupressor mounted 
on a common sheft. end that enerzy escaping out the 
tall pipe is lont energy. 

Date indienative of burner or engine exnaust condi-~ 
tions will be used to cbhtein ectual performance figures 
on the turbine, Such data will be obtained from an 
experimental performance analysis performed om an identi- 
can exhaust-gas turbo supercherrcer whose turbine was 
driven by eombustion oreducte from a trerman Jumo 00h 
burner using kerosene as a fuel. Fig. 1 is a schematic 
drawing of the test equipment, while Fig. 2 is a relae- 
tively detailed drewinc of the nozzles, turbine, and 
tail pipe annulus, showing the srrangement of protuber- 
RUCOB » 

An attempt will be made to correlate performance 
figures obtained analrticeally with those obtained experl-~ 
mentally, and where disagreement occurs to offer plausible 
explenations end q@uitable remedies, 

It is also the purpose of this paper to investi- 
gate the flow downstrean from the turbine rotar to the 
extent of determining exit velocities, and velocities 
likely to impinge on a protuberence located in the flow 
path. The effect of such a flow dist: 
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TEST GRUIPMENT SAT-UP 


Fig. 1 is a schematic drewing of the test equloment 
usec in the experluoental determination of protuberance 
effect downstream of a turbine wheel, 

Ambient air is drawn in st (T1) and ite maxes flow 
measured across a flet plate orifice at (T2). tis 
then compressed in a conventional turbe-supercharfer 
(f3} installed in an Allison 1710 aireraft engine. At 
the entrance to the combustion chamber (%T) the pressure 
and tempereture are measured, sfter which the fuel is 
introduced and combustion takes solace in the combustion 
chamber (TS). At (16) the pressure end temperature are 
again measured just prior toe the combustion products 
entering the turbine mozsle box, At (V7) the pressure 
is asmmed to be atmospheric. This, together with the 
values at (7), plus the fwel and air mass flowa, are 
used to determine the ideal turbine power, | 

The turbine meel and compressor are mounted on ea 
cormon sheft as indicated, henee the total power output 
of the turbine is used to drive the compressor, The 
latter draws in ambient air at (C1) efter whieh its 
pressure drop across @ flet plate orifice is measured 
at (C2). <A throttling valve controls the wass flow 
entering the coupressor, thereby permitting altitude 
Simulation. Compressor entrance pressure and tempera- 
ture are measured at (C3) as ere the exit conditions at (ch). 
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Thus it is possible with euch an incependent 
erpancement of test equipment to coswpsre turbine and 
compressor powerns end by suitable esleulations to obtain 
tupbine effieiencics. 

[meeeuch a8 the totel cower output of the turbine 
is utilised to drive the compressor, any obstruction 
or similar device nlaeced in the tailpipe (8) which mirht 
act to reduce the efficieney of the turbine would be 
felt et eny siven power setting as a loss in compressor 
power. 

Obstructions in the form of flat plates and cylin- 
drical struts were placed im the annular space inmedia-~ 
tely downstream from the turbine wheel. Their lateral 
cistenee from the turbine wheel was varied, approaching 
curing one set of readings to within 7/16 inch of the 
turbine blades, The waxizum area occupled by the obe 
struetions st the above minimm lateral distance was 
one third the area of tie annular teil pipe and wes 
aceomplished by four flet plates lecated at 90° inter- 
vels and eeeh oeceupying a 30° sector of the ennuler 
area, Po mount the obstructions closer laterally to 
the turbine wheel, or to block off a greater portion of 
the enmuler space wes considered inadvisable both from 
en experimental end preetical atandpoint, sinee the ain 
of the preject was te investicsate the pressure influence 
effeet om turbine performence created by protuberances 
placed in @ relatively high velocity flow, rather tnan 
to investigate choking in the tail pipe, 
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Creck Jotation, 


- Denal ty 


Mazele coefficient 

Sladins coefricieat 

Angular veloc lty 

Torque 

Angele between rotor oleme and ebsclute velocity 
Ansle between rotor plane and relative velocity 


Efficiency 


Subscripts, 


Blade entrance and rosrle exit 
bleede exit and coxpressor entrance 
Compressor exit and tallinipe annulus 
Noazle entrance 

Turbine exit 

Axial 

Air plus fuel 

Compressor 

isentropie 

Nozzle 

[deal 

Plich 

Ratio 

Stage 

Rotor 

Tangential 
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3 
analysis of smergy Transfer Detween Cluid am soter, 
fhe enalysis presented ners is based on tieferences 
(2), (2), amd (3). 

The theory employs the followine simplifying 
agsumptions: 

fa) The flow throwch the roter is steady and 
uniform over the entrance ond axit cress sections 
of the Plow passarc, 

(bo) The roter, to weich the blades which form 
the flow passacena are attached, retates with @ 
uniform anculer velocity. 

(ec) There are no losses due to fluid by-pass ne 
the flow passarces formed by the bleiing. 

(d} There is ne friction loss due te the sides 
of the roter being in contact with the Pluie, 

(e) The fluid completely fills the flow 
passeces in the rotor. 

Actual machines, of course, never beheve in accord 
ance with the above assumptions, However, eince losses 
external to the rotow are neglected, as igs tne fluid 
which by~pesses the bladine, the theory is concerned 
only with the fluid which actually flows throuch the 
blading, 

From Pig. 3 it is seen that the axial components 
of relative and absolute velocities are as follows: 


Ca = Wa 5 C sinw 28 sing (1) 


. 
eo G8 tal) cElel See coos F Unie 

te tet hae 6d ote Nethgen a ai ew tame aa 
ctl) oe 98 PC) 

mei yitiemis servasdic® af oooh re? af? 
| | rt ede 

ie Weer of Sete? oy feerYe? voll a we? 

ae eT the fe S Beri att Were “ie 
merce Ol) att 

~~) ee ees ee ete oF pee a Te 
4 ie att fore we eee, SOO ae 
Oe ee Loe 

eee Biel nt et eeeeed eo ene oe ft eT 
ee Ley er eT eee 
eh kt we eh weed aleeietd of «ft ome? om) 
hbo c) om tl (etree Cl ote see ae te 

oor of 2210) cht Mal en fe 

: ie tl al ene 
es 6 fee! Ge see be tie teen 
- ee eee 
BML) SS 8) Se Whine oe ST ON od Stared ne 
— Ak Sf Ch a ele mee ememene et nlite 
 t RCRAE NL) CARN Mine Abe tT ell abe pine 
<bean 
em en oe a 




























in memsral, a relvtive velscity is «iven vy the 
vector equation, 
bh = = es ff (2) 


end lts tenezential component Wu by 
Wu = W cos B (3) 


The tanrential component of the entrance absolute velo- 


city Cy is 
Clu 2 Wig * wy = 0, cosn, * W, cosB, * (hi } 


The tangential cumponent of the exit absolute velocity 


Co is 
'oy = Bay * Bo = Sp coBKs = N, cosh, ~ 2) (5) 


The relationshis between the velocity vectors °C, 8, and 


u ia obtained by using the law of cosines, 


Benes Wo es C2 e u2@ - 2ul cos x (6) 
But Cy = S cos a 

faus We 2 C2 « ue - aucu (7) 
or cf + ut = We = aud (7a) 


Por the entrance end exit velocity triangies of Fir. 3 
equations similer to (7a) may be written. 
Thus, 61° ¢ uy ~ w4° @ 2uz°%1n (Sa) 


Go" » wpe « Poe @ Puo0 


(8b) 
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Subtractine equation (3b) fron (Ga) 
(127048 = Ugl ott) = 2 | (64? “ G5*) t (1142 - ag®) 
es (ine - m2) | (9) 


Rememberinc the assumption ef a esnstant weirht rate 
of fluid flow, emuation (9) tekes on the form of an 
energy equation, Multiplying equation (9) by 1/g re- 
presents an onersy transfer relationship for 1 lb. of 
Tluid. 

As @ Yesult of the energy transfer there Is a 
torque interaction between the fluid and rotor resulting 
in a tanmcential force acting on the rotor, The noment 
of this foree eround the exis of rotation le the torcue 
- due to the abeve interaction. The product of-the torque 
and the enguler velocity of the rotor gives the rate of 
enerey transfer, The magnitude of the torque is equal 
to the rate of chenge in the anguler momentum of the 
fluid between the entrance end exit sections. Phis 
momentum is decreased in a turbine, 

The msular momentum theorem applied to a flowing 
fluid states thet the time pete of cyenge of the regulte 


ent angular momentum of ea system of discrete particles 


Momoen 





in a given direction is enuel to the of the 
externel forees acting in the same direction, 
Denoting the encorgy transfer in foot-pounds per 


ound of fluid by L3 anguler momentua by EM; torcue 





byh $ and energy tranefer from fluid to roter by 
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ii 
gubseript (%), we heve from em ation (9) efter mbsti- 


tubing wR for u, and removing wo. 

by * My ~ Me = 2 (Sey, ~ Se! (8e) 
The onergy twensfer per pound of Mliuid le tnen 

Ly = P gv =“% (83yCqy 7 ReCay) (12) 


Fquation (11) shows that the energy transfer depends 

only upon the tangential components ©j,, ane Go, and 

tne tanrential velocities ul] and up. Any change in the 
axial components C,, = W,,, amd Cog © Nag is effective 
only in preducing exial tbrust on Sy roter., However, 

as we shall see later, they clay an important role in 
Getermininge the carry-over velocity eat the turbine exit, 
and may thus influence stage conditions through their 
interaction with disturbances which may oceur downstrean, 

The magnitudes of C,,, anc Go, are controlled by 
the ansles with which the fluid enters and lgscves the 
flow passare. 

Pith regard te the losses to be expected in the 
flow passace such es from friction, heat transfer, shock, 
ete., equation (11) is independent of these losses 
gines it is concerned only with the inist and exit con- 
Gitions. ffoewever, where losses do oecur they #ill 
affect the exit conditions and so be accounted for. 

A produet of the form RC, in equation (11) is 
termed the WRIREL of the fluid end the velocity chanre 
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12 
4&, = Sy  B. ig ealled the Gtiirl velocity. Thus it 
is seen tht the energy transfer deponds directly upon 
the chence in whirl produced between entrance and exit 
of the flow raessace. 
in Axial-flow mechines Ry 2 Ro ®@ R ecuals the pitch 

PaGius, and uy ™ us = u, so that equation (11) without 
the centrifugel effect becomes 


by * 5 (Cyy - Cau) * BAcu (12) 


From nN (9) and (12) 
Ly = t | (cy? ~ Co®) + (a, ~ use) + (Wo - 2) 
ft lb/ib (13) 
Simee W, = G@) in m axial-flow "ec .ine 
by * oe c ~ Gp@) = (Mp* - #2) eZieu (ab) 


where /\ C., * Cry - Co,. In terms of the angles, , = ; 
and Bs 


Ly = z (Cycoe Kd 5 » Wo eos P 5 - u) lias 
or ig * & (W, cosh 3 + ue Wo cos > ~ u) 
= . (Wy eos P 4 + Fo cos U5) (15) 


From the above equations it cam rea@gliy be seen that in 
order to obtain the maximum energy trensfer, tas et & 
velocity Co, and the nozzle englen(y should be as gmall 
as possible, 





. 


oe «eee see ey eee 8 per gr eye’ 
= 99 la” were oFer = ee ane @ 
Oley Om sew peed Pogeerm yim <4) care ye 
ee eT Ee 

owl of efee © O ck 8 F CRh tere om Is G24n’ «7 
feet 12) ee lems 400 oe ye Fe oe © pe ee eelnee 
om ned 0 ates es 


=a otf et ease . 
[Si ee (0) enalnmme ae 








eS (he = Sep + Ihe - Bel!) Be 





atin a | - . 
| . 1m —AbaLae wat ge © ye amd 
: aay — . (ton = Pye | dem ye . 


slept ad ee nae vt 
ah 















—&, 








AOA a emt gt 0 carte a pt 
ail 


< cee: ? 

— tatmacge pteon en Bar 
oot ean Sen ae 
a. a ke. 


~_— > a St eal 


¥ 








re ae 





, oe 


a5 
In considering the flow throvuch ths turbine blades 
tt is convenient to write the snergy ecuation for the 
rotating blade passage in teres of the enthelpy channme,. 
Thus, 
2 wy 
gag \ dh «¢ 3 (5° ~ w,*) (16) 
L > . 


Although the flow is adiabatic it is aceompanied by 
frietion, Let d&e ecual the werk excsended in overcoming 


friction, then 


L 
Fer this process the avealleble energy is viven py 
‘ = v 
—_ 4 7 dp (13) 


Pow convenience let 


cit = og (19) 


Gombining eewations (17), (13), emd (19) gives 


oe we x Seles L C; 


Considering the losses in the blede passacre to con- 
sist of those associated with the energy of tae fluid 
at the entrance to the passasce, and these occurring 
within the passage itself, we can express these losses 
as kinetie energies associated with the fluid at entrance 


and exit sections of the passage, 


2 
Let ms - = energy loss st pessare entrance. 
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W 
Ge e © energy loses in prssace iteeif, 
2 
Sinee { GNp is the totel emergy loss in the flow passeres 
L 
ee w)° Bre 


Then from equation (20) 


2 2.492 2 
Gor ” 7 y.2 K | 
Be 2 on © Oe + Pl et Oe (21) 
or, 
Coe Wac w.2 
We = Se (2 Ca) * wh (Q) - 1) (22) 
Then , 


B5° 2 icp c. * (1 =@C}) w,? | (23) 


introducing blading coefficients defined by 


We heve finally 
Ro = We (co2 + y, 22)" (2 


Dowever, ina cure impulse blade the enthalpy 
chanre froer entrence to exit ia nero, consequently 
Com = 0 since we are assuming that the blading con~ 
tidered here is of the rmure impulse type. 
Tnherefore, 
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Pilg. © shows tae relatisonsnin setween Liegding 
aoerricient ond blede angle, dsinee Une bladinec of the 
rotor in cuestion hes entrance and exit angles of apnprox!- 
metely 5°, « value for YY ® so" iz considered ressonably 


accurate, 


Analyticel Procedure. 


Prom known velues at stetien |, (entrance to nozzle 
box) we have Pryp, Trl and wt, flow in lbe/sec, Knowine 
the notsle exit area we cen divide the #t. flow by the 
nozzle exit ares and obtain wt.flow/sec. ft.” nozzle 


exit area. Then from Keenan and Kaye Gas Febles, pp 


po(e)# 29 . 2 nok 3 
i, 3 (2) (3 fet! + lee) (la) 


where Hi * moleculsr wt. at (1) 
KR = gas const. = 15/5 
n® k= 1,3 
Then using tables 2 and 29 we con solve for r ® pressure 
ratio across nozzle. If we essume that the nozzle en- 
tranee velocity is zero, then the entrance total pm essai re 
= entrance static pressure = Pos and Py = rx Pathe 
Asauming isentropic expansion in the nogszle tie 
ideal disvharge velocity is 


c, = (2ayte RT oh igh + 0,2)" (2a) 


(asaume Cy = 6) 
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Feow vroferwmee (1) p. 192, 
| 3 : , al 
G1 29 0," where 7, * 6.95 (p. 433 ref, 1) 


We ere now able to draw the entrance velocity 
triangle for tne blading passavre usine elther a seaesured 
value of (}, oF a@ calculated value as in ref. (1) 

De 3, eas 92, aad the syove c@leuleted value of C,, 
and the known value of ue Fe can thus measure 4 

from the triangle and cheek it acainst thet soasured 
from the blade. There should be only ome value of u 

at wnieh the two ere equal--the turbine desisn point--« 
ali other points showing a discrepancy wilieh will affect 
the blading efficiency. 

fo draw the exit velocity trilanmcie we must mexke one 
of two assumptions, either thet the exlt ebaoliute vel o« 
eity is in en axial direction, or that ths exit relative 
velocity is in a direction tengent to the blade tralling 
edee. An assumption is necessary inagmuc:i as we have 
no means for determining the actual flow conditions at 
the Diede exit. 

The Tirst assumption would be incorrect since it 
is only true for the operatins design point of the 
turbine, ‘the second assuxption we can be reasonably 
certain will be very close to the actnuel condition, 

HMenee if we assume rc 2 equal to the actual physicel 
blede exit engle we may now drew the exit velocity tri- 
engle, since we have velues for Bo, uu, and, as previously 
shown, eq. (25), we can calculate B85. 
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AS we heve seon from equation (Iie) 
Lt = = (C4 COSX, * Wo cos B 5 - i) 


It is eonvenient for purpeses of calculation to 
express the ebove ecuntion in a silently ciffrerent form 
as follows 

Prom ecuetion (25) > 2 YY Wy 


Wxpressing W, in terms of ~ y, U, and 0 3, 


OF cosa} = u 


cos 0y (3a) 


“1 * 


Substituting the above values of Wo and 8] In aquation 


(ie) gives the following: 





= 2B 2 | 
Lt = = | oy cosX%) - r ¥( 63, eos OX) = u) aa 
‘A 
Ons 
lat "3 (Cy sosn 3 - u){l +) St 2) (la) 
34 
Introducing the vdl ocity ratio Vi = u/Cy 
ne (8 aya oy Seb | (Sa) 
& i O86 1 


The avove equation represents the energy transferred 


to tne rotor by the fluid wiich passes through the 





blades, If the fluid flowe through the blading at the 
rate of G 1lb/sec the power developed at the m riphery 


of the turbine whesl is 


1P op @ # ue (See - va va (6a) 


tay, | ORR ee OT? err eee ae ce. 
«9 (ee et © sree wine 


Oe ee eee 
— (atte Clore «cl uae erees Ges come 
oibiw 
wee gt 1) wehbe et 
eg) Ow wag 2 eet el (ere 
: aa — 
7 wr 
Gataere ee EF tow oP We beater ores Oe) arlben tie a 
ele? att orerme ints 
te + , 
|e ~ poo Bie e- prere 2 aoe 


mr | ichimnaiiiommt nh dae 
ae “file = GF abbey htm ter ed samlannt 


beer aoe ahaa 









tery 





=~ 





i 

However, the a ove power is not eli tremeferred to 

the voter shefts Some cower is consumed in overcaming 
the rotetion logs of the atage, The is tter courrises 

tae lowses due to disk friction end bleds windege loss, 
due to operation with partie] edwission, ‘The rotation 


loss in horsepower can be calemleted frag Karr'ts formula 


h Pp ® \ eyo * nke (1+ c) 1295} 8s)3 be 


An additional losa of orizinal available enersy 
resulte from the fact that toe blade exit velocity Cx 
cannot be oot to transfer energy to the rotor but must 
be lost down the teallpipe. 

Ordinarily in celeulating stage efCiclency the aheve 
lesses would be includes to reduee the emoumt of cower 
transferred to the retor trat actually is produced at 
the shaft. Uowever, for our cwposes of analysis we 
are interested only in the energy trenemitted by the 
fluid to the rotor, since that was bie only consideration 
in the experiment@ turbine efficiency mealysis, 

We are, toerefore, interested only in conditions 
of total pressure end temp reture at the entrance and 
exit of the stawe. Such conditions automatically include 
any carry-over velocities which may oceur at either of 
the two stations. 

we mey then represe: t the stage horsepower as 


follows: 


1P sy = = ue (=p = 1) agente 
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em¢d the turbine efficiency br 
> st 


1, " TES They, -h ae (7a) 


lemediately cdownatrean of the turbine roter the 
telipipe anmuler orea is compsiderabdly creater than tre 
turbine exit area, fence we heve @ suddem ezxpension of 
the exhaust gases end an accompanying pressure loss, 
cowever, in thie analyals we are BS SUMING incowpress ible 
flow througnout, with time result that there is no chaice 
in de'ai ty anywhere in the flow, and hence the only 
change in the axial component of the turbine exit velo- 
city is that due to the sudden increase in flow area, 


ae 


Accordingly since 2 - 3 = 
then ApYp = A3V3 where Vo 2 Co sin 2 (82) 


solving for Vg we eabteain the velocity that exists in 
the ennular section of the tallpipe iormediately dowrn- 


stream from the turbine rotor, 
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SAMPLE CALS Ts TT OR 


Rotor Bpeed, 10,006 BPM, 
Prem Table li. 
We/f/f = Wa + WT 
s(70 + 83/60) * 1.139 1b/sec 


Nozzle Exit 4ree ® Jee in,@ 


8 I! . 
= hdd Rd 2 13,6 Lbe/sea.ft.= 


noszle exit ares 


oe a 
- a sy)” ~ prys 





15.6 @ oh9115 * 3h.i8 ical oly (Fare 4.3)8 
(1772) o as 


ge. Bye 


re] 
 glhoh = a (lep =)* 





Prom Table 29 {ref. 6) 
7 
re 99 oR 602 2 .9037 


“nen Pap, "pe! Py = ,9037 * 34.248 = 31.2 in ug 


oy = (26 iy Om, | 2 sy ye 
i 
z a * 1.3 * 5353 * 1772 2 - (49037) °234| i 
= 722.5 ft/see 
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Then - , « 4 4647 = 95 x 792.5 2 7hh.0 ft/ewe 


1° fee's & 3 LOgpoe x it x 32 = ho ft/sec 
5 CB i 


w/e, " _ = 05 


Prom Pic. 


OL 


$3 


2 7 18%)" 


COS i 29459 


Frog Velocity Triengle Fig. 7a 
by = k7@o5" 
cos By * 69093 
W, = 330 ft/sec 
Yhen Wo 2 395° x 330 = 298 ft/sec 


From Gxit Velocity Trianele Fic. 7b. 


$8 


Ca 3hO ft/sec 


Cosin \ 2 = 219 ft/see 


Now: Ly = x = L-l)(Le) e eoebe } 


COSC p 


= 2, ( tone ~i)(l + 9 


2 GSO ft,lb./lb. 


ip £2Gx bt * Le: 


~D 4 @ 1,415 x G (Hip), - hog) where hoy is the enthalpy 
corresponcing to barometric pressure. 
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2a 
Prom Acf. &, Table I. 
top, = L420) BTU/Ib. 


i 


Pri, = LO7 «15 


.. Bppq = 107.15 * Se = 90.3, and hos = 421.79 BTU/Ld 
Then +, 2 1.425 x 2.199 (2.2 - 421.78) = 3h.2 bap. 


 1?* aot: 2 10.75 % 


Asmaming Poy = Po @ Py = 31.2 in fle 


Then p' ee 107 215 x 2 ® 97 of 
= Tl 


and hing * 130.15 
/ 
Pm Us x 16089 (442.1 ~ 30.15) = 20.2 hep, 


a 


Due te sudden exponaion downstream Prom rotor 


= 69.0 § 





P phava = C 3A 3% 35 end Since Cos ® 3 (incompressible flow) 


v3 4 << = 4 : x Casings ® Les x 220 
+ 80 ait ft/sec. 
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RESULTS #2 OLSCUSSIGE 


As & result of the malysis developed, end aoplied 
to actuel operating conditions, several discrepancies 
in the exverimental test deta necessitate discussion, 

In fact, the discrepancies are avoarently so creat that 
a correlation of experi@ental and analytical data be- 
comes an imposribility. 

Table 1 is a suymery of experimental test reshits 
made with e clear tail pipe, i.@s, with no protuberances 
installed, Table 2 gives the values of ideal orsenower 
available across the turbine, snd horsenower transmitted 
to the turbine retor, as caleniated anmiytically using 
the same flow conditions at turbine nozzle emtrance, A 
rather obvious impossibility ia at once soverent in the 
Giscrepancy between the values of norsepower transmitted 
to the turbine rotor as listed in Table 2, and the values 
of compressor power as listed in Teble 1, If compared 
filone these values would indicate a turbine efficieney 
of well over 100%, a physical impossibility. “owever, 
wnen we consider thet these figures do not eccount for 
losses due to turbine disk friction, windare, fluid 
leakage, bearing friction, and coepressor winders and 
bearing frietion, the discrepancy becomes even more 
Glering, ineemuch as sll such losses tend to reduce 
the amount of power transmitted to the turbine rotor 
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that eventually is measured os the comresscr power 
tebulated in Table l. 
A brief explemsation of experimental procedurnw wey 
serve to snow cmase for disbelief of tne tect results. 
The equation eeployed to solve for turbine \orse- 


power is as fsllowe: 


, em. 


Vere Pel, ene Teh represent nozzle box totel Suitrance 
conditions. Poss om the other hand, Wes ssaumed to he 
eonel to atmospheric ».rersurs, whereas it has been 
shom onalytically thet this is net the euse (page 15). 
Prac represents the total pressure at the turdine exit. 
From the analytical results obtained at a turbine rotor 
epeed of 10,000 rpm, the static mw essure et the turbine 
exit was 31.2 in, ws., mcd the totel pressure would be 
€¥en higher by an aanunt ecuel to Cage ee lbs /fte, 
Such a rise in Pes would cause a corresponding in- 
crease in the experimental values of turbine efCiclency, 
Accordins to reference (5) the maximum turbine efficleney 
obteined fron a sleilar turbine wes eeproximately 65%. 
Thus the vaiues as obtained from the investigation under 
cuestion were obviously too hich for tne sost pert to 
begin with, emd with the added inepease pointed out 
above, would be still further out of line, iUowever, by 
eecounting for the actual total Surbine exit mesrure, 
the values of efflelency s0 corrected would eorw closely 
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a5 
follow ths trend obinined iv ref. (Si. What is, the 
correction noted above wuld inereage the values of 
efficiency at Righer rants mere than tnose corresnonding 
to a low rpm, since the exit total pressure increases 
rith Pths ae seen in Teble 2. 

In attenptine to arrive et a pleusible ceuse for 
the disecrepeneies noted above, we can only erxsime thet 
the noszle entrance deta as pecorded wes wrorne, or that 
the cowpressor inlet and exit conditions as recorded 
were in error, or both. 

if we assume th to be actually two te hree hut 
Gred degrees hisher then as recorded we loamedietely 
raise the pressure ratio acrosa the nozzles (equation 
(ta)) page 15, thus inereasing considerably the valee of 
G4',, @a. (2a) page 15. This, im turn, reduces the velo- 
eity patio u/,, making thet parameter wore in accord 
with the corresponding values of ref. (5), end finally 
imercases the values representing the nower trans i tted 
to the rotor by the fluid, eq. (Ga) pege 17. However, 
the stame efficiency denoted mee in Table 2 ia 
changed only 2lightiy, and the theoretically evallabdle 
oars » Tevle 2 is not inereased sufticiently to 
degin to compensate for the Aich values of compressor 
power, Table 1. Therefore, since it la umredsonable to 
assume that Teh is low by sore than two te three hundred 
Gesrees, it ia logical to belleve that the values of 
cowpressor power are in error by a consl.erable anount. 
we latter power was camputed as follows: 
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2b 
tv. = We ep (Te3 7 Ty) 1.415 

Tneaeuch as 743 enc Teo Were mossures by single thierno-~ 
eoubles loceted at exit and entrence stations of the 
compressor respectively, we zight Logically expect ome 
or both to be in error, sinee the usual procedure in 
euch @ case is to read an evermee vaive of a datu of 
thermocouples loested at such critical stations, 

Another poasibility of error might exist in the 
measurement of the mass flow entering the burner, To 
low a valve of weizht flow would cmwse both the values 
of horsepower trensmitted to the rotor, end ideal avail- 
ablo turbine horsepower to be low. In the same sense 
the velue of mass flow through the compressor might easily 
be too hign, 

Thus we can only conciude that a very real dlaeecre- 
pancy does exist, that it wey be a combination of several 
errors or of only one or two. The need for eccuracy 
in the measurement of temperatures, preesures, and wicht 
flow of fluid is clear, for without that accuracy any 
awount of date is almost mire to be moaning less exeept 


wnere it is nosrible to demonstrate a trenc 





Fortunately such was wore or lese the case in the 
investigstion under discusstions, 

Ne Were interssted in the efTect on turbine effle 
elency that the placing of protuberances in tha tail 
pipe micht have. The conprehensive deta obtained experi- 
mentally waich has been show quite cenclusively to have 
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ef 
been in error fundamentally in the foreroing snalysis, 
was yet extremely consistent remardless of Re sige, 
configuration, or vositionine with resoect to the turbine 
rotor of the protuberances, 

Table 2 wives the values of the axial com-onents 
of exit velocities from the turbine bladine aa well age 
the reductica im those vdbeltior due to Lie sudden 
expension in srea immediately downstream of the turbine 
roter, These Latter velocities then, will impinge on 
any protuberance placed downstream. 

The effielencies ( ‘|, } es listed in Table 2 are 
completely arbitrary with regerd to definition. They 
merely serve cs an illustration of a trend in efficiency 
of energy trensfer from the fluid to the rotor. Actually 
the efficiency of a single process may be defined in 
several cifferent ways by as many authors. This witer 
is of the opinion that en efficiency definition to be 
acceptable must not only ve clearly defined, but mist 
slao be used consistently throughout any siven analysis 


or Peport. 





in the case at aend we are interested in analysing 
the flow process eith a view toward correlating said 
analysis with thet performed experi@entally as described 
previously, 

Thus we are assuming that the ideal energy aveil- 
adle for dcing work on the turbine is the isentropie 


entasipy difference between the flow conditions at 
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noszle entrance and tallpipe exit (ateosrpneris), 

Actually, tae enerry evallable for doing work in an 
japuise imarbine iw that contained in tae veloelty of he 
fluid at the oxit fron the nozzle mich aay be represented 
om the enthalpy embrooy clart es the Laentrooice enthalny 
drop between the preseure st vomzle inlet and taat at 

the noosle exit, since the oretsure remains sonstant 
throuch the blading, 

Tine lf this comeeption of available enersy were 
weed in the celculations a considerable riee in effi- 
ciency would be nobed, For compsrison purposes this 
letter calculation was wee, and aoseers in Table 2 
= “se ; 

in eonsiderin: the Llesses occasioned by the intro- 
duction of probuberances in the flow downstream of the 
turbine rotor, we ere interested oot in the loss of 
teliznipe residmeal energy, but rether in the effeet such 
@ leae micht have om toe efficiency of toe turbine, It 
is “nown, for example, that a loss of total oressure is 
suffered in the flow of a Pluid about an object in the 
flow peth, When the abject bas the form of « cylinder 
the preseure loss ia proportional to the sum of the 
equares of the radial and clreumferential components of 
velocity of the fluld relative to the cylinder, tince 
the degree of Clow deflection decreases nearly in pro- 
portion to the square of the radial distance frorzr tie 
eylinder, the loss is confined within rethe: narrow 
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a 
Lieita, Wut apoears in en ensiysia «2 © loss in totel 
ereseute differential vetweesa entrases ent exit comdi- 
tions of amy particiler flow syatem, 

Sygh @ pressure ulfferential extats in even oa 
conatant area duct if ee asgume incsrprsesible flow 
with Criction prevent, 

However, agp long ee tiw tebel pweseure berond tne 
exit of a duct remalas below that at the ealt section 
of tie duct, the Plow will continue to Le accremedatad 
regardless of internal lesses without any caenge in 
entrance eosnditions, In the care of tao velocitice 
existiog in the tallpipe annulus as listed in Teble 2 
under (f'»), it is ewnsidered that their values are so 
lew as to cause only minor frictional leswes in the fiow,. 

The rise in static pressure on the upstream side 
of ony protuberance gitunted in the Plow due to the kee 
pingement of such flow velocities would be so gmall, 
end would extend such @ minute distance upstream, that 


to cavsee any change in tne Moszle diecharde static 





preseure, the protuberances would have te be so elese to 
the turtine blades as to be ispractical, 

“ven considering such e possibllity tte glight 
rise in atatic pressure due even to the esistence of 
the flat plate sectors depweribed sari ler would heve a 
negligible effect on the turbine perlormance. OGly at 
very high turbine exit velocities sould svch «en effect 
be anpreciable, and even then tme protubermpce 
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39 
inetalletion would have te vs Gaede at very close rahice 
to thee wPrbise rotor. 

J@ace @e may reascnhbiy ttate that whers talipipve 
lesses are of no coneer:, the axnieteace downstrees of 
protuberances such ag heset exehangera of the lixe will 
have ilttle or no effect om the wwrnhine performame as 
long as relatively low velocities are Involved, and pro- 
viding choking or excesuive leases ta 4 condition below 
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